Mass spectrometry has become a key technology for modern large-scale protein sequencing. Tandem mass spectrometry, the process of peptide ion dissociation followed by mass-to-charge ratio (m/z) analysis, is the critical component for peptide identification. Recent advances in mass spectrometry now permit two discrete, and complementary, types of peptide ion fragmentation: collision-activated dissociation (CAD) and electron transfer dissociation (ETD) on a single instrument. To exploit this complementarity and increase sequencing success rates, we designed and embedded a data-dependent decision tree algorithm (DT) to make unsupervised, real-time decisions of which fragmentation method to use based on precursor charge and m/z. Applying the DT to large-scale proteome analyses of Saccharomyces cerevisiae and human embryonic stem cells, we identified 53,055 peptides in total, which was greater than by using CAD (38,293) or ETD (39,507) alone. In addition, the DT method also identified 7,422 phosphopeptides, compared to either 2,801 (CAD) or 5,874 (ETD) phosphopeptides.
Large-scale shotgun protein sequencing efforts use enzymatic digestion of complex protein mixtures to generate samples containing thousands of peptides [1] [2] [3] . The resultant mixtures are rich in chemical diversity as the peptides vary in length, post-translational modification status and amino acid composition. Multidimensional chromatography can parse the peptides temporally over hours, or even days, so that downstream tandem mass spectrometry (MS/MS) instruments can autonomously interrogate as many peptides as possible [4] [5] [6] . Still, sequence assignment requires a successful MS/MS dissociation event, that is, production of a sufficient number of informative fragment mass-to-charge ratio (m/z) peaks. No matter the upstream separations, the chemical diversity exhibited by such peptide mixtures is problematic in this regard. Work by us and others has demonstrated that collision-activated dissociation (CAD), the primary method of peptide cation dissociation, is most effective for small, lowly charged, unmodified peptide cations [7] [8] [9] . Not all peptides fit this mold. In contrast to CAD, electron transfer dissociation (ETD), a relatively new fragmentation method, is indifferent to either modification state or peptide mass and shows preference for low m/z precursors [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Quadrupole ion trap mass spectrometers (QITs) outfitted with reagent anion sources are capable of performing both CAD and ETD 10, 11 . Determination of the most appropriate dissociation method, however, requires a priori knowledge of key precursor attributes such as charge (z) and m/z. QITs provide unmatched sensitivity and high scan cycle times (spectra per second) at unit m/z resolving power 19 . Operation of these instruments at resolutions sufficient to determine precursor charge states is possible but not practical as scan rates are substantially reduced. ETD-enabled quadrupole linear ion traps (QLT, a type of QIT), however, have recently been interfaced with a variety of secondary high-resolvingpower analyzers [20] [21] [22] [23] . We reasoned that the m/z resolution afforded by such hybrid instruments could enable real-time generation of precursor z and m/z information for intelligent selection between dissociation methods. Previous analyses relied on information present in tandem mass spectra to trigger an MS/MS/MS event, for example, neutral loss-triggered mass spectrometry 24, 25 . That approach applies the same fragmentation method twice to improve the probability of sequencing success. We hypothesized that the information present in the full mass spectrum (MS1) could be used to make a priori decisions about which fragmentation method to apply to increase the probability of MS/MS scan success for all precursors. As online chromatographic separations may only present the instrument a single opportunity to interrogate a particular peptide precursor, it is crucial that the optimal dissociation method be applied. Here we describe a decision tree algorithm (DT) that exploits the high mass accuracy and resolution of the orbitrap mass analyzer to make real-time decisions of which dissociation method to use in an unsupervised, data-dependent fashion.
RESULTS

Characterization of peptide identification probabilities
To gather a training set of MS/MS spectra for probability calculations, we digested two aliquots of a whole-cell yeast lysate (that is, two biological replicates) using the protease endo-LysC and separated each into 12 fractions by strong cation exchange chromatography (SCX) 25, 26 . We analyzed each fraction by online nanoflow reversed-phase liquid chromatography coupled to MS/MS using a 40-min gradient with data-dependent precursor selection. We analyzed the eluting peptide cation populations using the orbitrap (MS1 pre-scan for high mass accuracy and resolution) and then analyzed the MS/MS product ion spectra in the QLT (for speed and sensitivity). We performed six separate analyses of each fraction: three using CAD only and three using ETD only. The analyses were identical in all aspects except for the dissociation method (Supplementary Methods online). Imposing a false discovery rate of 1% via a target-decoy search 25 , the CAD-and ETD-based analyses yielded 30,016 and 29,702 peptide identifications from 200,524 and 175,984 scans, respectively ( Table 1 and Supplementary Data online). We binned the 376,508 spectra by precursor z and m/z, and calculated the probability of either a CAD or ETD scan generating a high-confidence peptide sequence identification for each bin, which we plotted as a function of precursor m/z for precursor charges of 2-7 ( Fig. 1) .
These data, which are to our knowledge the largest comparison of ETD and CAD performed to date, confirmed the strong correlation between the probability of a successful sequencing event and the precursor attributes of z and m/z previously reported by us and others 27, 28 . ETD was more effective at producing MS/MS spectra that correlated with high confidence to a candidate peptide sequence for precursor ions with low m/z, and CAD was most effective for precursors with medium to high m/z (Fig. 1) . Precursor z is also important because z increased the m/z breakpoint at which CAD became more favorable than ETD. We rarely observed peptide precursor cations with z equal to, or in excess of, 6; hence, there were too few data points to produce robust probability calculations. For doubly charged species, CAD was always more favorable than ETD. Note that despite using endo-LysC instead of trypsin, the bulk of all sampled peptide precursor cations (39.2%) The number of identifications derived from the four analysis methods (CAD, ETD, DT, and sequential CAD and ETD) for the yeast and hESC experiments. FDR, false discovery rate.
were doubly charged. In a separate experiment we used supplemental collisional activation of ETD product ions (ETcaD) to boost ETD efficiency for doubly charged precursors; however, the search algorithm (Open Mass Spectrometry Search Algorithm) did not identify the additional c-and z-type products, which frequently deviate from the expected product ion mass due to hydrogen-atom rearrangement that occurs during ETcaD 29 . Overall, the number of unique peptide identifications using the ETcaD method (4,585) was not an improvement over ETD alone (4,962 and 4,895 for two technical replicates; Supplementary Table 1 online). However, it has recently been demonstrated that doubly charged precursors can be identified with good success via ETcaD when using a different searching algorithm (Spectrum Mill); thus, we anticipate that in future implementations, it may be desirable to apply ETcaD to some portion of the doubly charged population as well 28 .
To evaluate run-to-run irreproducibility, a common occurrence during shotgun proteomics experiments, we compared overlap between replicate analyses of the same dissociation type versus that observed between ETD and CAD datasets ( Fig. 2 and Supplementary Table 1 ). Approximately 61.9% of the sequences garnered from replicate runs using a single dissociation method overlapped (Fig. 2a,b) . Comparison of single ETD and CAD runs revealed only 34.4% overlap (Fig. 2c) . From these data and the probability distributions discussed above, we concluded that the two dissociation methods are indeed complementary and that intelligently selecting between them should increase the number of identified peptides in a shotgun proteomics experiment.
Implementation and application of the decision tree To enable automated, real-time selection between dissociation methods we designed a probability-based, data-dependent DT. Because an ETD spectrum takes on average 14% more time to collect than the corresponding CAD spectrum, we corrected the experimentally determined probabilities for scan duration. This placed importance on the aggregate probability of the entire experiment rather than single-scan success. From these data we constructed a DT (Fig. 3) . 
ARTICLES
Supplementary Methods allows users to implement this algorithm into any instrument with both CAD and ETD capabilities. We wrote this algorithm into the instrument control language and loaded it onto the firmware of the modified orbitrap. The DT logic presented here has been fully incorporated into the Thermo Scientific LTQ Tune 2.5.5 instrument control software and is a free upgrade for ETD-enabled orbitrap systems. When engaged, the z and m/z of a targeted precursor (selected in the standard datadependent fashion) is routed to the DT. Upon exiting the DT, the precursor is assigned to the dissociation method most likely to result in an identification. We tested the efficacy of the DT logic by triplicate analysis of the same 12 SCX fractions, under identical conditions to those used for collection of the training dataset. From these data, we identified 41,719 peptides (15,221 from CAD and 26,498 from ETD analyses) at a false discovery rate of 1%, a 39.0% and 40.5% increase over use of CAD and ETD alone, respectively ( Table 1 and Supplementary Data). From the CAD-only and ETD-only datasets the probability of any given MS/MS event resulting in a high-confidence sequence assignment was 15.0% and 16.9%, respectively. With the DT dataset this probability rose to 22.3%, a 32% and 49% increase over the CAD-only and ETD-only analyses. The utility of the DT logic stems from the complementary nature of CAD and ETD; the pairing effectively accommodates the chemical diversity present in complex peptide mixtures as each is compatible with a distinct subset of the analyte population. To explore these relationships we classified all identified peptides by precursor m/z, m, z and length (Fig. 4a,b and Supplementary Fig. 1 online) . At the extremes of the precursor m/z plots shown in Figure 4a ,b, the DT trace resembled either the CAD-only or ETD-only traces. This was due to the DT exclusively relying on either one dissociation method or the other at these outermost precursor m/z values, independent of charge state. Toward the middle of the plot, where both precursor z and m/z are critical factors, use of the DT resulted in sizeable gains in peptide identifications.
The CAD-only and ETD-only yeast datasets contained 9,257 and 7,650 unique peptides, respectively. Overlap between these two was Figure 1 were the basis for this decision tree. m/z is the mass-tocharge ratio of the precursor selected for MS/MS interrogation. Table 1 . modest: 4,776 peptides (Fig. 4c) ; thus, we identified a total of 12,134 unique peptides. From the DT dataset we identified 11,237 unique peptides, a 21.4% and 46.9% increase over the CAD-only and ETD-only datasets. Therefore the DT-based analysis netted 92.6% of the collective unique peptide identifications observed from the combined CAD-only and ETD-only analyses but with half the number of scans, half the acquisition time and half the sample amount. Further, the identification sum of duplicate DT analyses was higher (8,939 unique; Fig. 2d ) than any combination of CAD and ETD (for example, CAD and CAD, ETD and ETD, or ETD and CAD; Fig. 2 and Table 1 ). The identified peptides from triplicate analyses by CAD, ETD and DT correlated to 2,187, 2,125 and 2,496 unique proteins, respectively ( Supplementary Fig. 2 online) . Collectively, the three methods identified 2,993 unique proteins, making this work among the largest yeast proteomics experiments reported to our knowledge [4] [5] [6] .
We then performed sequential CAD and ETD MS/MS on each selected precursor to determine whether we could obviate the need for the DT logic. We analyzed each yeast SCX fraction using this method (biological replicate 2) and identified 5,389 unique peptides with a very high scan success rate (that is, 23.2% of all MS/MS scans could be correlated with a peptide sequence at high confidence). This high success rate was the result of only interrogating the most intense precursor ions; the downside was a greatly reduced dynamic range as only half as many precursors were sampled (5,389 versus 7,432 unique peptides identified using the DT; one replicate). Sequential CAD and ETD identified fewer proteins than any of the methods (1,459), and this was substantially fewer than identified with the DT (1,927 and 1,870 for two technical replicates; Supplementary Table 1) .
We next determined whether the DT would be equally effective when applied to other samples, that is, for the DT to be effective, must one generate the probability calculations shown in Figure 1 for each sample? To answer this, we digested human embryonic stem cell (hESC) proteins with endo-LysC, fractionated them by SCX and sampled once each via the three methods, CAD, ETD and DT. The DT method, which used the unmodified parameters defined by the yeast training set, identified 7,248 unique peptide sequences, which was greater than the number identified by CAD (5,777) or ETD (6,142) ( Table 1 and Supplementary Data). We concluded that for peptides generated by the same enzyme, DT parameters were effectively extended from one sample to the next.
Application of the decision tree to phosphoproteomics Next we tested the performance of the DT on phosphorylated peptides, peptides with broadly different chemical characteristics. We digested proteins collected from hESCs with trypsin and subjected them to SCX fractionation and ion metal affinity chromatography to enrich for phosphorylated peptides. We individually analyzed enriched phosphopeptides from each fraction via CAD and ETD using the same parameters as described above. In 86,258 scans the ETD-based analyses sequenced 5,874 (3,062 unique) phosphopeptides, over twice that in CAD-based analyses, which yielded 2,801 (1,791 unique) phosphopeptides in 93,324 scans (both at 1% false discovery rate; Table 1 , Fig. 4d-f and Supplementary Data). These results were not surprising as phosphoryl groups are labile when subjected to CAD 11 . Overlap between the phosphopeptide ETD and CAD datasets was only 17.9%, suggesting a possible higher degree of complementarity of the two methods for phosphoproteomic analyses (Fig. 5a) . We reasoned that the optimal branches of the DT could be quite different (compared to the results shown in Fig. 3 ) for these peptides as they were created by digestion with a different enzyme and contained at least one phosphorylation site. However, the DT branch points for analysis of these tryptic phosphopeptides were remarkably similar to those ideal for sequencing unmodified, endoLysC-digested peptides ( Supplementary Fig. 3 online) .
Application of the DT to these phosphopeptide samples resulted in 7,422 (3,897 unique) phosphopeptide identifications (1% false discovery rate), a 118% and 27% increase over analysis by CAD or ETD alone ( Table 1 and Supplementary Data). When engaged, the DT logic resulted in a 64% increase in scan success rate (7.5 versus 4.8 overall) for these phosphopeptides. In a single analysis of all 12 SCX fractions, the DT identified 3,897 unique phosphopeptides, 95% of those sequenced by the combination of one CAD plus one ETD analysis (4, 115) . We accomplished this with half the sample and in half the analysis time, a major benefit as phosphopeptide enrichment strategies are highly labor-intensive and demand large cell numbers. Duplicate DT analyses resulted in a substantially greater number of phosphopeptide identifications (14,006 total, 5,338 unique, 42.5% overlap) than summing one ETD and one CAD analysis (8,675 total, 4,115 unique, 17.9% overlap) of the same sample ( Fig. 5 and Table 1 ). The corresponding number of phosphoprotein hits were 1,083, 1,665 and 2,001 from CAD, ETD and DT, respectively ( Supplementary Fig. 4 online) . The increased number of peptide identifications when using the DT, as compared to CAD or ETD alone, was independent of charge state, mass, length or m/z ( Supplementary Fig. 5 online) . To our knowledge this work is the largest hESC phosphorylation study to date, identifying a total of 8,359 sites on 6,970 unique peptides from 2,958 proteins.
DISCUSSION
Our DT logic exploits the high mass accuracy and resolution afforded by the orbitrap MS1 scans to make real-time assignments of which dissociation method (CAD or ETD) to use in an unsupervised, data-dependent fashion. In all examples we described, the automated tailoring of dissociation method to precursor afforded by the DT method substantially increased the probability of sequence identification and led to the identification of a greater number of peptides and proteins than with CAD-only or ETD-only analyses. We note that the decision tree logic described here can easily be expanded to consider other inputs (for example, precursor signal intensity) that would trigger different outputs (for example, selection of analyzer, reaction time, amount of precursor necessary). Also, other dissociation methods besides ion trap CAD and ETD can likewise be readily implemented. As each new method brings a different subset of the proteome into view, we anticipate the gains shown here will be multiplied upon expansion of the DT approach.
METHODS
Mass spectrometry. Online mass spectrometry experiments were performed by MS1 analysis in the orbitrap followed by six datadependent MS/MS events with product ion analysis performed in the QLT. The precursor ions selected for MS/MS were determined by intensity within MS1 followed by dynamic exclusion (30 s or a peak list of 500) and charge state inclusion (ions with two or more charges). The form of MS/MS activation was either ETD-only, CAD-only or DT-based selection. When using the DT-based selection, the method of dissociation for every MS/MS event was determined in real time and in an automated fashion based on the precursor z and m/z. The decision tree logic presented here has been fully incorporated into the LTQ Tune 2.5.5 instrument control software and is located as an optional procedure in the data-dependent settings section.
Additional methods. Detailed descriptions of sample preparation, nanoHPLC, mass spectrometry, database searching and DT implementation are available in Supplementary Methods.
Note: Supplementary information is available on the Nature Methods website.
